in vitro the source and role of basal nitric oxide (NO) in proximal segments of guinea pig taenia caeci in nonadrenergic, noncholinergic (NANC) conditions. Using electron paramagnetic resonance (EPR), we measured the effect of the NO synthase inhibitor N G -nitro-L-arginine methyl ester (L-NAME, 10 Ϫ4 M), the neuronal blocker tetrodotoxin (TTX, 10 Ϫ6 M), or both on spontaneous contractions and on the production of basal NO. Both L-NAME and TTX, when tested alone, increased the amplitude and frequency of contractions. NO production was abolished by L-NAME and was inhibited by 38% by TTX. When tested together, L-NAME in the presence of TTX or TTX in the presence of L-NAME had no further effect on the amplitude or frequency of spontaneous contractions, and the NO production was inhibited. These findings suggest that basal NO consists of TTX-sensitive and TTX-resistant components. The TTX-sensitive NO has an inhibitory effect on spontaneous contractions; the role of TTX-resistant NO is unknown.
longitudinal smooth muscle; cecum; nonadrenergic, noncholinergic innervation; tetrodotoxin; electron paramagnetic resonance NONADRENERGIC, NONCHOLINERGIC (NANC) inhibitory innervation was first demonstrated in guinea pig taenia caeci (6) . Nitric oxide (NO) is a mediator of NANC relaxation after neuronal stimulation in a wide range of intestinal smooth muscle preparations. The presence of NO in relaxation induced by electrical stimulation has been reported in guinea pig taenia caeci (7, 20, 36) .
The membrane potential of smooth muscle cells from the gastrointestinal tract usually displays slow rhythmic waves that originate cyclic contractions in many gastrointestinal smooth muscles. Interstitial cells of Cajal (ICCs) were first described in 1893 (8) , and Thuneberg in 1982 (37) suggested that they were probably pacemaker cells. In addition to the generation of slow waves, ICCs have recently been shown to act as intermediates in neurotransmission to smooth muscle in the gastrointestinal tract (41, 44) .
A number of studies (3, 18, 19, 22, 30, 42) suggest that the contractile activity of various gastrointestinal muscles can be suppressed by basal NO, because spontaneous contractions or tone are enhanced by inhibiting NO synthases (NOS) or by using oxyhemoglobin as scavenger for NO. The opposite effect is obtained by using NO (17, 28) or donors of NO (19) . The source of basal NO can be neuronal (5, 19, 43, 45) or extraneuronal (11, 13, 32, 33, 44, 46) . However, the presence and role of NO in spontaneous contractions has not been studied in guinea pig taenia caeci so far. This fact, together with the results we obtained (17) showing that the electrical release of NO is inversely proportional to frequency, prompted us to study the role and origin of NO in guinea pig taenia caeci in basal conditions, in which our preparations display rhythmic contractions.
In physiological conditions, NO from constitutive NOS plays an important homeostatic role in the regulation of both secretion and motility in the gastrointestinal tract. Studies on phenotypes of neuronal NOS (nNOS) knockout mice have shown the enlargement of the stomach and pyloric stenosis (14) . Furthermore, a decrease in or absence of NO has been implicated in human gastrointestinal disorders (4, 23, 38, 39) .
The purpose of the present study was to investigate the role and the source of basal NO in spontaneous contractions of proximal segments of guinea pig taenia caeci.
MATERIALS AND METHODS
Preparations of proximal segments of guinea pig taenia caeci and isometric tension recording. Male albino guinea pigs weighing 300-350 g were fasted, with free access to water, for 24 h before they were killed by a blow to the head followed by exsanguination. These procedures were approved by the University of Barcelona Ethical Committee for Animal Experimentation. The cecum was exposed via midline incision. Silk ligatures were tied to each end of dorsal and ventral taenia: the end near the colon was defined as the distal segment and the opposite end as the proximal segment. The taenia was dissected out and placed in Krebs solution (composition in mM: 119.78 NaCl, 4.7 KCl, 7 MgSO 4, 1.17 H 2O, 1.17 KH2PO4, 24.9 NaHCO3, 11.1 glucose, and 2.56 CaCl 2 ⅐ 2H2O). Atropine (10 Ϫ6 M) and guanethidine (4 ϫ 10 Ϫ6 M) were routinely added to the Krebs solution to perform the experiments in NANC conditions. Segments of 1-2 cm were cut from the proximal part of each taenia and were mounted in thermostatically controlled (37 Ϯ 0.5°C) organ baths containing Krebs solution. The pH of the organ bath fluid was kept constant at 7.4 by bubbling the Krebs solution with 95% O 2-5% CO2. A resting tension of 2 g was applied to each strip, and the responses were recorded by an isometric force transducer (Harvard VF-1) connected to an amplifier and to a polygraph chart recorder or a computer, in which case data were digitized and simultaneously displayed and collected by using Datawin 1 software (Panlab, Barcelona, Spain) coupled to an ISC-16A/D card.
Experimental protocols. During an equilibration period of 30-60 min, the preparations gradually relaxed to a continuous baseline tension (Ͻ0.5 g) and showed spontaneous contractions, the amplitude of which are expressed in millinewtons; the time interval between the peak contractions is expressed in seconds, and the frequency of contractions is expressed in contractions per minute (cpm). Data are compared for statistical purposes as a mean amplitude and frequency during 3-5 contractions before and after adding drugs. When sodium nitroprusside (SNP) was added, we measured the time interval between the peak amplitude of contractions before and after the addition of SNP. Data are expressed as a percentage of the values obtained in the absence of SNP (control). Only 1 or 2 doses of SNP were tested for each preparation to avoid tolerance. When N Gnitro-L-arginine methyl ester (L-NAME) was added in the presence of tetrodotoxin (TTX) or TTX was added in the presence of L-NAME, we waited until the effect of the first drug stabilized before adding the second.
Electrical field stimulation. Some segments with spontaneous contractions were stimulated between parallel platinum electrodes (0.3-1 Hz, 40 V, 1 ms), and the stimulus was applied at the peak of spontaneous contraction for 5 s (7). Electrical field stimulation produced a transient relaxation followed by a frequency-dependent contraction after the stimulation was stopped. TTX (10 Ϫ6 M) inhibited electrical relaxation.
Basal NO production by electron paramagnetic resonance. NO production was measured by electron paramagnetic resonance (EPR) (2, 16, 25, 26) . Proximal taenia caeci segments were preincubated at 37°C for 15 min in the Krebs solution containing atropine (10 Ϫ6 M) and guanethidine (4 ϫ 10 Ϫ6 M). They were then exposed to the spin-trapping agents diethyldithiocarbamic acid (DETC) (5 ϫ 10 Ϫ3 M) and FeSO4 ⅐ 7H2O (5 ϫ 10 Ϫ5 M) and were incubated for 30 min. Segments were then weighed and frozen in liquid N2 for posterior EPR analysis. Some segments were preincubated with L-NAME (10 Ϫ4 M), TTX (10 Ϫ6 M), or both, in this case with an interval of 2 min between the addition of drugs. The mononitrosyl iron complex formed with DETC was measured in a Bruker 300E spectrometer (Bruker Instruments, Billerica, MA) at 77 K (10-mW microwave power, 31,985-G amplitude modulation, 9.77-kHz microwave frequency, and 100-kHz modulation frequency). The results are expressed as intensity units/mg wet tissue. A standard curve of Fe-DETC-NO was generated by diethylamine NONOate (DEA/NO, from 10 Ϫ9 to 10 Ϫ6 M). This curve was used to extrapolate the Fe-DETC-NO signal and also to estimate the linearity of the assay. The signal is linear (y ϭ 12635x ϩ 108448) in the interval of DEA/NO concentrations between 5 nM (500 units) and 500 nM (30,000 units).
Drugs. The following drugs were used: atropine sulfate, guanethidine sulfate, L-NAME, L-arginine hydrochloride, Darginine hydrochloride, SNP, TTX, FeSO 4 ⅐ 7H2O, and DETC, all from Sigma-Aldrich (Madrid, Spain), and DEA/NO, from Cayman Chemical (Ann Arbor, MI).
Statistical analysis. Results were subjected to paired or unpaired analysis of variance, and differences were tested by the Student-Newman-Keuls test (n ϭ number of animals). Data are given as means Ϯ SE. Differences were considered significant when P Ͻ 0.05.
RESULTS
Spontaneous contractile activity. Spontaneous contractions were observed ( Fig. 1 ) with an amplitude of 23.7 Ϯ 1.2 mN and a time interval between the peak amplitude of 265.2 Ϯ 17.2 s, which corresponds to a frequency of 0.36 Ϯ 0.02 cpm (pooled data n Ն 29 animals).
The basal NO production assessed by EPR is shown in Fig. 2 . In the control group, a value of 1,019 Ϯ 39.7 intensity units/mg wet tissue was obtained.
NO inhibition. To determine the role of basal NO in spontaneous contractions, we added L-NAME (10 Ϫ4 M) to the bath. The frequency and amplitude of contractions were significantly increased [from 0.32 Ϯ 0.04 to 0.48 Ϯ 0.06 cpm (P Ͻ 0.001) and from 22.1 Ϯ 1.9 to 26.7 Ϯ 2.2 mN (P Ͻ 0.01); n ϭ 12], whereas the basal tone was not affected (Fig. 3) . In the presence of Larginine (10 Ϫ3 M), the effects of L-NAME on the frequency and the amplitude were abolished (control, 0.33 Ϯ 0.03 and L-arginine ϩ L-NAME, 0.31 Ϯ 0.03 cpm; control, 26.4 Ϯ 2.5 and L-arginine ϩ L-NAME, 26.3 Ϯ 3.2 mN; n ϭ 4) (Fig. 4) but D-arginine (10 Ϫ3 M) had no effect [control, 0.31 Ϯ 0.05 and D-arginine ϩ
Fig. 1. Effect of tetrodotoxin (TTX, 10
Ϫ6 M at arrow) and N G -nitro-L-arginine methyl ester (L-NAME, 10 Ϫ4 M at arrow) in the presence of TTX on spontaneous contractions of isolated proximal segment of guinea pig taenia caeci.
L-NAME, 0.47 Ϯ 0.06 cpm (P Ͻ 0.01); control, 19.4 Ϯ 2.6 and D-arginine ϩ L-NAME, 22.6 Ϯ 2.5 mN (P Ͻ 0.05); n ϭ 3]. The basal production of NO as determined by EPR was inhibited by 97% by L-NAME when compared with the control group (L-NAME, 31.8 Ϯ 6.5 vs. control, 1,026 Ϯ 34.5 intensity units/mg wet tissue; P Ͻ 0.001; n ϭ 3; Fig. 2) .
Responses to SNP. The NO donor SNP produced a dose-dependent prolongation of the interval between spontaneous contractions immediately before and after the addition of SNP at 10 Ϫ8 (237.6 Ϯ 69.9 to 232.7 Ϯ 66.8 s; n ϭ 4), at 10 Ϫ7 (308.5 Ϯ 49.2 to 535.9 Ϯ 120.7 s; n ϭ 10; P Ͻ 0.05), and at 10 Ϫ6 M (208.8 Ϯ 33.0 to 433.3 Ϯ 95.8 s; n ϭ 10; P Ͻ 0.001) (Fig. 5) . When the effect of SNP decayed and the spontaneous contractions restarted, we observed a decrease in amplitude and frequency of spontaneous contraction with respect to control.
We checked that SNP generated Fe-DETC-NO in vitro when incubated with Fe 2ϩ and DETC. A concentration of 10 Ϫ8 M produced a slight signal. The signals corresponding to 10 Ϫ7 and 10 Ϫ6 M of SNP produced 800 and 9,000 nmol/10 ml ⅐ 15 min, respectively.
Effect of TTX or neuronal NO. Electrical field stimulation applied at the peak of spontaneous contractions produced a relaxation (39.0 Ϯ 3.3 and 90.2 Ϯ 3.7% at 0.3 and 1 Hz, 40 V, 1 ms, respectively; n ϭ 3) that was abolished by TTX (10 Ϫ6 M) (Fig. 6 ). TTX on spontaneous contractions significantly increased the amplitude (from 26.6 Ϯ 3.0 to 29.0 Ϯ 3.1 mN; n ϭ 10; P Ͻ 0.01) and frequency (from 0.27 Ϯ 0.03 to 0.40 Ϯ 0.05 cpm; n ϭ 10; P Ͻ 0.01) (Fig. 1) . Basal production of NO in the presence of TTX was 62% of control (TTX, 633.3 Ϯ 38.8 vs. control, 1,019.25 Ϯ 39.7 intensity units/mg wet tissue; n ϭ 7; P Ͻ 0.0001) (Fig. 2) .
Effect of TTX ϩ L-NAME or additional NO. The effect of TTX on spontaneous movements was similar to that of L-NAME (10 Ϫ4 M) (Figs. 1 and 3) , although the production of NO was partially blocked by TTX (38%), in contrast to L-NAME, which blocked it totally. According to these results, we deduced that TTX-sensitive NO or neuronal NO is the regulator of spontaneous movements. To confirm this and to check the role of nonneuronal NO in spontaneous movements, we added L-NAME (total NO blockade) after TTX (neuronal blockade). In these conditions, if TTX-resistant NO had a role, frequency and/or amplitude should be affected as occurred in canine (19) and rat colon amplitude (24) and in canine lower esophageal sphincter (10) . However, no significant differences were observed in either frequency (TTX, 0.40 Ϯ 0.05 vs. TTX ϩ L-NAME, Fig. 2 . Inhibitory effect of L-NAME (10 Ϫ4 M), TTX (10 Ϫ6 M), or both on basal nitric oxide (NO) production in isolated proximal segments of guinea pig taenia caeci. Data are given as means Ϯ SE of intensity units of electron paramagnetic resonance (EPR)/mg wet tissue for 3-7 animals. *P Ͻ 0.05 vs. control. Fig. 3 . Effect of TTX (10 Ϫ6 M) on the frequency and amplitude of spontaneous contractions of isolated proximal segments of guinea pig taenia caeci before and after L-NAME (10 Ϫ4 M). Data are expressed as means Ϯ SE for 10-12 animals and are reported as %control (with control ϭ 100%). *P Ͻ 0.05 vs. control by paired analysis of variance. 0.41 Ϯ 0.05 cpm) or amplitude (TTX, 29.0 Ϯ 3.1 vs. TTX ϩ L-NAME, 27.9 Ϯ 3.2 mN; n ϭ 10) of contractions ( Fig.  1) . We thus discarded the possibility that extraneuronal NO had an important role in the regulation of spontaneous movements. These results also confirm the relevant role of neuronal NO according to the findings of other authors (19, 24, 27) . The basal production of NO in this condition was abolished [TTX, 633.3 Ϯ 38.8 (n ϭ 7) and TTX ϩ L-NAME, 37.5 Ϯ 7.1 (n ϭ 3) intensity units/mg wet tissue; Fig. 2] .
Effect of L-NAME ϩ TTX or additional neurotransmitters. In basal conditions, we have demonstrated that neuronal NO release is produced, but we cannot rule out the release of other neurotransmitters. Like other authors (19, 24, 27) , to assess this possibility, we added TTX (neuronal blockade) after L-NAME (total inhibition of NO). In these conditions, if neurotransmitters other than NO were released, the frequency and/or amplitude of spontaneous contractions should be affected. However, no significant differences were observed in frequency, although it decreased slightly (from 0.48 Ϯ 0.06 to 0.40 Ϯ 0.07 cpm; n ϭ 12). Nor were differences observed in the amplitude (L-NAME, 26.7 Ϯ 2.1 vs. L-NAME ϩ TTX, 26 Ϯ 1.9 mN; n ϭ 12) of contractions (Fig. 3) , which allowed us to rule out the action of other neurotransmitters, and again these results confirm the relevant role of neuronal NO. The basal production of NO in the presence of L-NAME ϩ TTX was abolished (control, 1,026 Ϯ 34.5 vs. L-NAME ϩ TTX, 31.6 Ϯ 5.8 intensity units/mg wet tissue; n ϭ 3) as obtained with L-NAME alone (31.7 Ϯ 6.5 intensity units/mg wet tissue; n ϭ 4) or TTX ϩ L-NAME (37.5 Ϯ 7.1 intensity units/mg wet tissue; n ϭ 3) (Fig. 2) .
DISCUSSION
We examined the relation between the release of basal NO and spontaneous contractions of guinea pig taenia caeci. Basal NO in NANC conditions has two components: TTX-sensitive NO and TTX-resistant NO. The TTX-sensitive NO or neuronal NO inhibits spontaneous contractions.
Studies on other parts of the intestine and other animal species have implicated NO in spontaneous contractions (9, 19, 22, 24, 27, 31) . L-NAME, an inhibitor of NOS, abolished the production of NO and increased the frequency and amplitude of spontaneous contractions in taenia caeci. These observations suggested that the basal NO is produced continuously and in a sufficiently high concentration to maintain inhibition of these parameters.
NO relaxes the smooth muscle by causing an increase in cGMP, which in turn mediates smooth muscle relaxation (35) . Our data show that SNP produced a dose-dependent inhibition of spontaneous contractions that can be explained by the results of Kwon et al. (21) , who demonstrated that SNP, through cGMP-dependent signaling pathways, inhibits myosin light chain phosphorylation and smooth muscle contraction by decreasing intracellular Ca 2ϩ concentration in guinea pig taenia caeci. However, SNP yields several forms of redox NO that produce smooth muscle hyperpolarization by various ionic mechanisms (12) . Thus our results may not only reflect the response to endogenous NO.
The production of basal NO in the presence of TTX was 62% of the total, and so the TTX-sensitive NO was 38%. TTX completely abolished the relaxation induced by electrical stimulation. On spontaneous movements, TTX increased the frequency and amplitude of spontaneous contractions, in agreement with studies on other tissues (19, 24, 31) and confirming that the pacemaker activity is not neurogenic.
We have demonstrated by EPR that the NO not blocked by TTX is released in nearly twice the amount of the neuronal NO (Fig. 2 ). If this NO had a modulator role in spontaneous contraction like the neuronal NO, L-NAME after TTX should produce significant variations in spontaneous contractions. Our results do not show significant differences either in frequency or in amplitude, despite the large amount of TTX-resistant NO released. Consistent with this finding, no changes in amplitude in rat proximal colon were observed by other authors (27) . These results confirm the relevant role of neuronal NO and indicated that the additional NO had different functions and mechanisms from neuronal NO. In canine lower esophageal sphincter, myogenic NOS activity has been observed (33) and a different mechanism of action for myogenic NO and neurogenic NO has been proposed (10) . Both neuronal and myogenic NO induced relaxation; thus when NOS activity was blocked by N G -nitro-L-arginine (L-NNA), a NOS inhibitor, after enteric nerve activities were inhibited by TTX, tone persistently increased. In similar experimental conditions, an increase in the force or amplitude of contractions has been observed in distal colonic circular smooth muscle of rat (24) and canine colon (19) , and the authors suggested an additional, extraneuronal or potential-independent release of NO. Martinez-Cuesta et al. (22) reported that the contractile response of the rat isolated duodenum to L-NNA was greatly inhibited in the presence of TTX, which was attributed to neuronal involvement of NO. However, the present paper shows that the basal production of NO in taenia caeci measured by EPR is similar with L-NAME or TTX ϩ L-NAME, which means that TTX does not block the effect of L-NAME. On the other hand, the discrepancies observed among the tissues assayed may be due to the amount of NO released and their possible action(s). All of these effects are likely to depend on the species, tissue, and region considered.
The enzymes that generate NO, known as NOS, are encoded by three genes located on separate chromosomes. The three NOS isoforms known are type I or nNOS, type II or inducible NOS (iNOS), and type III or endothelial NOS (eNOS). NOS has been identified in the myenteric plexus and submucous plexus from the esophagus to the rectum in guinea pig (29) , and it could be the origin of TTX-sensitive or neuronal NO released in our basal conditions, although we cannot rule out the presence of eNOS and iNOS (40) . The source of the 62% of TTX-resistant NO could be the eNOS, nNOS, or iNOS released by the interstitial cells (40, 44, 46) , smooth muscle (10, 13, 15, 33) , or neurons with TTXresistant sodium-channel currents (1); action potential-independent release of NO from neurons; and finally the NO generated by the mitochondrial NOS that exerts a substantial control over mitochondrial respiration (11) .
The primary target of TTX-sensitive basal NO is unknown. NO has multiple actions in postjunctional cells of the gastrointestinal tract. Several theories of NO-dependent muscle relaxation and the role of ICCs have been discussed (34, 35) . Our results implicate TTX-sensitive basal NO in the frequency and amplitude of spontaneous contractions. It is more difficult to identify the role and the target of TTX-resistant basal NO, but the fact that L-NAME in the presence of TTX does not produce changes suggests that the TTX-resistant NO may be implicated in different roles of TTXsensitive basal NO.
L-NNA as L-NAME produced incomplete inhibition of electrically induced relaxation on taenia caeci (7); thus other neurotransmitters are probably released, together with NO. TTX completely blocked the electrically induced relaxation. In basal conditions we have demonstrated that neuronal NO release is produced, but we cannot rule out the release of other neurotransmitters. To assess this possibility, we added L-NAME and observed an increase of frequency and amplitude of contractions (attributed to NO block), and after adding the TTX there was no alteration in amplitude or frequency, discarding the role of other neurotransmitters. These observations are in agreement with other studies in rat distal colon (24) , in rat proximal colon (27) , and in canine colon (19) . Thus neuronal NO may be the only neurotransmitter released in basal NANC conditions involved in the control of spontaneous contractions.
In conclusion, our results demonstrate that in NANC basal conditions the proximal segments of taenia caeci continuously release NO. Basal NO has two components, one that is TTX sensitive and another that is TTX resistant. TTX-sensitive NO mediates the inhibition of spontaneous movements. The role of TTX-resistant NO is unknown. These results may help us to understand mechanisms of gut motility.
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